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SUMMARY 
The m u l t i p r o p e l l a n t  r e s i s t o j e t  t h r u s t e r  d e s i g n  i n i t i a l l y  was c h a r a c t e r i z e d  
f o r  per fo rmance i n  a vacuum t a n k  u s i n g  argon,  carbon d i o x i d e ,  n i t r o g e n ,  and 
hydrogen, w i t h  gas i n l e t  p r e s s u r e s  r a n g i n g  from 13.7 t o  310 kPa ( 2  t o  45 p s i a )  
over a h e a t  exchanger tempera tu re  range of ambient  t o  1200 "C (2200 O F ) .  Spe- 
c i f i c  impu lse ,  t h e  measure of performance, had v a l u e s  r a n g i n g  from 120 t o  
600 sec f o r  argon and hydrogen r e s p e c t i v e l y ,  w i t h  a c o n s t a n t  h e a t  exchanger 
temperature of 1200 "C (2200 O F ) .  
c a l  s p e c i f i c  impulse va lues  o b t a i n e d  for argon and hydrogen ranged from 55 t o  
n i t r o g e n  showed no s i g n i f i c a n t  d e v i a t i o n  from p r e d i c t i o n s  o b t a i n e d  by d i r e c t l y  
aspect  o f  t h e  program i n v e s t i g a t i n g  t r a n s i e n t  b e h a v i o r ,  showed responses  
depended h e a v i l y  on t h e  s t a r t - u p  s c e n a r i o  used. S teady  s t a t e  h e a t e r  tempera- 
t u r e s  were ach ieved  i n  20 t o  75 min for argon, and i n  10 t o  90 m in  f o r  hydro-  
gen. Steady s t a t e  s p e c i f i c  impulses w e r e  ach ieved  i n  25  t o  60, and 20 t o  
60 min r e s p e c t i v e l y .  
When o p e r a t e d  under ambien t  c o n d i t i o n s  t y p i -  
r. 290 s e c ,  r e s p e c t i v e l y .  Performance measured w i t h  s e v e r a l  m i x t u r e s  o f  argon and m 
03 e 
W 
I w e i g h t i n g  t h e  argon and n i t r o g e n  i n d i v i d u a l  per fo rmance r e s u l t s .  Ano the r  
INTRODUCTION 
The goal  of t h i s  program was to  e s t a b l i s h  a da tabase for  m u l t i p r o p e l l a n t  
r e s i s t o j e t  t h r u s t e r s  t h a t  spans t h e i r  o p e r a t i n g  enve lopes .  T h r u s t e r s  were 
c h a r a c t e r i z e d  f o r  t h e i r  s teady  s t a t e  and t r a n s i e n t  b e h a v i o r s  on i n d i v i d u a l  and 
m i x t u r e s  o f  gases. 
R e s i s t o j e t s  a r e  p lanned  t o  be used on board  Space S t a t i o n  Freedom for 
safe, e f f e c t i v e  d i s p o s a l  o f  waste f l u i d s  i n  an e n v i r o n m e n t a l l y  a c c e p t a b l e  man- 
ner  and as an a u x i l i a r y  p r o p u l s i o n  system t o  pe r fo rm supplementa l  a l t i t u d e  
reboos t  ( r e f .  1 ) .  By u s i n g  on board waste f l u i d s  w i t h  r e s i s t o j e t s ,  t h e  poten-  
t i a l  e x i s t s  f o r  s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  amount o f  p r o p e l l a n t  r e s u p p l y  
r e q u i r e d  fo r  t h e  main p r o p u l s i o n  s y s t e m .  R e s i s t o j e t s  can p r o v i d e  b e n e f i t s  o v e r  
t h e i r  l o n g  l i f e  a t  a modest i n i t i a l  system c o s t ,  and have b u i l t - i n  low ma in te -  
nance requ i remen ts .  
These s imp le  d e v i c e s  p r o v i d e  h i g h  exhaus t  v e l o c i t i e s  by p a s s i n g  f l u i d s  
th rough  an e l e c t r i c a l l y  heated h e a t  exchanger and expans ion  t h r o u g h  a n o z z l e .  
T y p i c a l  f l u i d s  a r e :  hydrogen, h y d r a z i n e ,  carbon d i o x i d e ,  n i t r o g e n ,  a i r ,  
he l i um,  wa te r ,  methane, and argon.  For a Freedom a p p l i c a t i o n ,  h i g h  per fo rmance 
was t r a d e d  for l o n g  l i f e  due t o  u n c e r t a i n t y  i n  p r o p e l l a n t  t ypes ,  q u a n t i t i e s ,  
and contaminates t h a t  may be exper ienced .  The m u l t i p r o p e l l a n t  t h r u s t e r  con- 
s i d e r e d  he re  was des igned t o  o p e r a t e  on b o t h  r e d u c i n g  and o x i d i z i n g  gases r u n  
th rough  t h e  same t h r u s t e r .  Based on these  c o n d i t i o n s  a d e s i g n  t e m p e r a t u r e  o f  
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1400 " C  was s e l e c t e d .  When t e s t i n g  began t h i s  tempera tu re  was lowered t o  
1200 " C  p r o v i d i n g  an added s a f e t y  f a c t o r  for a c h i e v i n g  t h e  d e s i r e d  l i f e .  
R e s i s t o j e t s  have been used on a r e l a t i v e l y  l a r g e  number o f  f l i g h t  e x p e r i -  
ments and o p e r a t i o n a l  p r o p u l s i o n  s y s t e m s  from 1965 t o  1971. Tables I and I 1  
show a c o m p i l a t i o n  o f  t h e  h i s t o r y  and o p e r a t i n g  c o n d i t i o n s  f o r  these s y s t e m s  
based on r e f e r e n c e s  2 t o  5 .  I n  s u p p o r t  o f  t h e  Manned O r b i t a l  Research Labora- 
t o r y  (MORL), t h e r e  was a l a r g e  t e c h n i c a l  program for r e s i s t o j e t s  t h r o u g h o u t  t h e  
1 9 6 0 ' s  and i n t o  t h e  e a r l y  1 9 7 0 ' s .  Work was d i s c o n t i n u e d  when t h e  MORL program 
was t e r m i n a t e d .  I n  t h e  e a r l y  1980 's  h y d r a z i n e  r e s i s t o j e t  p r o p u l s i o n  sys tems  
were used f o r  n o r t h / s o u t h  s t a t i o n k e e p i n g  o f  I n t e l s t a t  and RCA communicat ion 
s p a c e c r a f t  ( r e f s .  3 and 4). 
The e n g i n e e r i n g  model m u l t i p r o p e l l a n t  r e s i s t o j e t  c h a r a c t e r i z e d  i n  t h i s  
program was hardware b u i l t  by Technion I n c o r p o r a t e d ,  and t h e  Rocketdyne D i v i -  
s i o n  o f  Rockwel l  I n t e r n a t i o n a l ,  f o r  NASA Lewis Research Cen te r  i n  s u p p o r t  o f  
t h e  Space S t a t i o n  Advanced Development Program. The o b j e c t i v e  o f  t h e  program 
was t o  p r o v i d e  an e f f e c t i v e  and r e l i a b l e  manner t o  d i spose  of waste f l u i d s  
w h i l e  p r o v i d i n g  impu lse  f o r  Freedom ( r e f .  6). The d e s i g n ' s  p r i m a r y  concerns 
were t o  i n s u r e  m a t e r i a l  c o m p a t i b i l i t y  w i t h  a l a r g e  v a r i e t y  o f  waste gases, and 
o b t a i n  an o p e r a t i o n a l  l i f e  o f  a t  l e a s t  10 000 h r .  F i v e  r e s i s t o j e t  t h r u s t e r s  
w e r e  f a b r i c a t e d  and d e l i v e r e d  t o  NASA Lewis.  P r e l i m i n a r y  per fo rmance charac- 
t e r i z a t i o n  o f  t h e  f i rs t  r e s i s t o j e t  was conducted a t  Lewis w i t h  a v a r i e t y  of 
p r o p e l l a n t s  a t  two t h r u s t  l e v e l s  f o r  each o f  two i n p u t  power l e v e l s  ( r e f .  7 ) .  
Th i s  t h r u s t e r  c o n t a i n e d  an i ncomp le te  h e a t  exchanger due to  d i f f i c u l t i e s  
encountered  d u r i n g  assembly.  
S ince  t h e  f i r s t  e n g i n e e r i n g  model r e s i s t o j e t  was t e s t e d ,  f o u r  a d d i t i o n a l  
t h r u s t e r s  o f  a s i m i l a r  d e s i g n  t o  t h e  f i r s t  b u t  w i t h  comple te  h e a t  exchangers 
have been d e l i v e r e d .  Performance d a t a  f o r  these  a d d i t i o n a l  t h r u s t e r s  was 
o b t a i n e d  for argon,  carbon d i o x i d e ,  n i t r o g e n ,  and hydrogen i n d i v i d u a l l y ,  w i t h  
v a r i o u s  m i x t u r e  r a t i o s  of argon and n i t r o g e n  i n c l u d e d .  The performance d a t a  
was a c q u i r e d  u s i n g  t h e  o r i g i n a l  d e s i g n ,  c a l l e d  t h r u s t e r  A, and w i t h  a t h r u s t e r  
t h a t  c o n t a i n e d  enhancements which was d e s i g n a t e d  t h r u s t e r  B .  T r a n s i e n t  d a t a  
u s i n g  t h r u s t e r  B was o b t a i n e d  w i t h  argon and hydrogen f o r  two tempera tu res  w i t h  
two s t a r t - u p  s c e n a r i o s .  These two gases were chosen based on t h e i r  wide d i s -  
p e r s i o n  o f  thermodynamic p r o p e r t i e s ,  and a r e  expec ted  t o  span t h e  p o s s i b l e  
waste gas c o n s t i t u e n t s .  
TEST ARTICLE AND APPARATUS 
R e s i s t o j e t s  a r e  comprised o f  a number o f  g e n e r i c  components. These con- 
s i s t  o f  a h e a t  source which i s  an e l e c t r i c a l  r e s i s t a n c e  h e a t e r ,  p r e s s u r e  ves- 
s e l ,  n o z z l e ,  thermal  s h i e l d i n g ,  and p o s s i b l y  a h e a t  exchanger if t h e  h e a t e r  i s  
n o t  immersed d i r e c t l y  i n  t h e  gas f low. Due t o  m a t e r i a l  c o m p a t i b i l i t y  concerns 
t h e  e n g i n e e r i n g  model r e s i s t o j e t  i n c o r p o r a t e d  a h e a t  exchanger t o  p r o v i d e  a 
b a r r i e r  between t h e  gas and t h e  h e a t e r  e lement .  T h i s  d e c i s i o n  was based on t h e  
b e l i e f  t h a t  t h e  h e a t i n g  e lement  would be t h e  l i f e  l i m i t i n g  component, and t h u s ,  
p r e c a u t i o n s  shou ld  be taken  t o  i n s u r e  i t s  s u r v i v a l .  The d e s i g n  d e t a i l s  o f  t h e  
e n g i n e e r i n g  model m u l t i p r o p e l l a n t  r e s i s t o j e t  a r e  d e s c r i b e d  i n  r e f e r e n c e  8 ;  a 
summary i s  i n c l u d e d  he re .  I n  t h i s  des ign  t h e  h e a t  exchanger and p r e s s u r e  v e s -  
s e l  were i n c o r p o r a t e d  t o g e t h e r .  The m a t e r i a l  used f o r  t h e  h e a t  exchanger;  noz- 
z l e ,  and h e a t e r  were c o n s t r u c t e d  from g r a i n  s t a b i l i z e d  p l a t i n u m  due to i t s  
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a b i l i t y  t o  p r o v i d e  l o n g  term,  h i g h  tempera tu re  c o m p a t i b i l i t y  w i t h  a wide v a r i -  
e t y  o f  o x i d i z i n g  and r e d u c i n g  f l u i d s .  The p l a t i n u m  c o n t a i n s  l e s s  t h a n  1 pe r -  
c e n t  z i r c o n i u m  o x i d e  d i s p e r s a n t  as a g r a i n  s t a b i l i z e r  t o  m i n i m i z e  g r a i n  g rowth ,  
which o c c u r s  when m a t e r i a l s  a r e  h e l d  a t  h i g h  tempera tu res  for  ex tended p e r i o d s  
o f  t i m e  ( r e f .  9 ) .  Excessive g r a i n  g rowth  l eads  t o  d i s t o r t i o n  and weakening o f  
components, which i s  a concern for  t h e  p r e s s u r e  vesse l  o f  a r e s i s t o j e t .  
The r e s i s t o j e t  shown i n  f i g u r e  1 ,  c o n s i s t s  of a c y l i n d r i c a l  h e a t  exchanger 
sur rounded by a sheathed c o i l e d  e l e c t r i c a l  r e s i s t a n c e  h e a t e r  e lement .  The hea t  
exchanger e x t e r n a l  c o n f i g u r a t i o n  i s  c y l i n d r i c a l  w i t h  h e l i c a l ,  screw t y p e  
grooves on t h e  downstream h a l f .  These grooves a r e  s e m i c i r c u l a r  i n  cross- 
s e c t i o n  and a r e  des igned t o  mate w i t h  t h e  h e a t e r  e lemen t .  The i n t e r n a l  gkome- 
t r y  o f  t h e  h e a t  exchanger p r o v i d e s  a gas passage between t h e  o u t s i d e  of a 
hollow c e n t e r  c y l i n d e r  and t h e  i n n e r  h e a t  exchanger w a l l .  T h i s  w a l l  has 36 
e q u a l l y  spaced a x i a l  channels  broached i n t o  i t  t h r o u g h  which t h e  p r o p e l l a n t  i s  
f o r c e d  ( f i g .  2 ) .  The p r e s s u r e  vesse l  w a l l s  were des igned t o  r e s i s t  s t r e s s  rup -  
t u r e  f o r  a t  l e a s t  10 000 h r  a t  1400 "C (2550 O F ) ,  and 310 kPa ( 4 5  p s i a ) ,  w i t h  
a p p r o x i m a t e l y  10 000 c y c l e s .  
The h e a t e r  c o n s i s t s  o f  a 1.6 mm (0.063 i n . )  d iamete r  p la t i num- rhod ium cen- 
t e r  conduc to r  surrounded by a l a y e r  o f  magnesium o x i d e  i n s u l a t o r ,  b o t h  which 
a r e  c o n t a i n e d  i n  a g r a i n  s t a b i l i z e d  p l a t i n u m  sheath.  The h e a t e r  i s  f o l d e d  i n  
h a l f ,  t hen  wound i n  a h e l i c a l  c o n f i g u r a t i o n  which a l l o w s  b o t h  power l e a d s  t o  be 
l o c a t e d  a t  t h e  ups t ream end o f  t h e  t h r u s t e r .  By wrapp ing  t h e  h e a t e r  i n  t h i s  
double h e l i x  c o n f i g u r a t i o n  t h e  r a d i a t e d  magnet ic  f i e l d  i s  e f f e c t i v e l y  compen- 
s a t e d  f o r ,  thus  r e q u i r i n g  m in ima l  s h i e l d i n g  ( r e f .  10). The h e a t e r  and h e a t  
exchanger a r e  des igned t o  be screwed t o g e t h e r ,  e n a b l i n g  p r o p e r  l o c a t i o n  of  t h e  
h e a t e r  and h e a t  exchanger r e l a t i v e  t o  each o t h e r .  An added b e n e f i t  i s  g r e a t e r  
s u r f a c e  c o n t a c t  a rea  f o r  improved d i f f u s i o n  bonding and i n c r e a s e d  c o n d u c t i o n  
pa ths  t o  t h e  h e a t  exchanger.  The h e a t e r  i s  t hen  wrapped w i t h  a g r a i n  s t a b i l -  
i z e d  p l a t i n u m  r i b b o n  t o  m a i n t a i n  a hoop t y p e  p r e s s u r e  on t h e  h e a t e r  c o i l  u n t i l  
h e a t e r  and h e a t  exchanger can be d i f f u s i o n  bonded. 
The ups t ream end o f  t h e  p r e s s u r e  vesse l  c o n t a i n s  a f l a n g e  which i n c o r p o r -  
a t e s  t h e  p r o p e l l a n t  i n l e t  t ube .  The downstream end o f  t h e  p r e s s u r e  v e s s e l  i s  
t e r m i n a t e d  a t  t h e  n o z z l e .  T h i s  n o z z l e  has a convergence a r e a  r a t i o  o f  132 : l  
w i t h  a 1 .016 mm (0.040 i n . )  d iameter  t h r o a t .  The expansion s e c t i o n  c o n s i s t s  
o f  a 25" h a l f - a n g l e  c o n i c a l  n o z z l e  which has an a r e a  r a t i o  o f  225:l. A t r umpe t  
e x t e n s i o n  i s  t hen  added o n t o  t h e  c o n i c a l  s e c t i o n  r e s u l t i n g  i n  an a r e a  r a t i o  o f  
2500:l .  The n o z z l e  des ign  i s  based on r e a s o n i n g  t h a t  t h e  t h r u s t  f o r  a n o z z l e  
o p e r a t i n g  s t r i c t l y  i n  a vacuum shou ld  be o p t i m i z e d  for  t h a t  reg ime.  When t h e  
v i s c o u s  e f f e c t s  o f  a l a m i n a r  boundary l a y e r  a r e  taken  i n t o  account ,  t h e  r e s u l t -  
i n g  d i sp lacemen t  t h i c k n e s s  can be e x t r e m e l y  l a r g e  r e l a t i v e  t o  t h e  s i z e  o f  t h e  
n o z z l e .  The t r u m p e t ' s  des ign  a t tempted  t o  m i n i m i z e  t h e  boundary l a y e r s  e f f e c t  
o f  r e d u c i n g  t h e  n o z z l e  expans ion  a rea  r a t i o .  
des igned t o  d i v e r g e  a t  t h e  same r a t e  t h a t  t h e  boundary l a y e r  was g row ing ,  
r e s u l t i n g  i n  no n e t  a rea  r a t i o  r e d u c t i o n  o f  t h e  c o n i c a l  s e c t i o n .  T h i s  shape 
a l s o  p r o v i d e s  s t r u c t u r a l  s u p p o r t  t o  t h e  i n t e r n a l  assembly b y  a t t a c h i n g  d i r e c t l y  
t o  t h e  o u t e r  s h e l l .  
The t r u m p e t ' s  a rea  r a t i o  was 
The p r e s s u r e  v e s s e l  components a r e  j o i n e d  by l a r g e  s u r f a c e  a rea  d i f f u s i o n  
bonds which se rve  as s t r e s s  b e a r i n g  j o i n t s .  These bonds a r e  backed by e l e c t r o n  
beam welds t o  i n s u r e  a p o s i t i v e  gas s e a l .  The d i f f u s i o n  bonds a r e  used i n  h i g h  
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t empera tu re ,  h i g h  s t r e s s  l o c a t i o n s  s i n c e  t h i s  bond does n o t  d e s t r o y  t h e  g r a i n  
s t a b i l i z e d  p r o p e r t i e s ,  as does e l e c t r o n  beam w e l d i n g .  
The r a d i a t i o n  s h i e l d s  which su r round  t h e  h e a t e r  c o i l  and hea t  exchanger 
c o n s i s t  o f  t e n  l a y e r s  o f  f o i l  separa ted  by a smal l  d iamete r  w i r e .  These w i r e s  
w e r e  used t o  m a i n t a i n  t h e  d e s i r e d  spac ing  w h i l e  i n t r o d u c i n g  min imal  c o n d u c t i o n  
pa ths  t o  t h e  o u t e r  s h e l l .  
exchanger a r e  made o f  p l a t i n u m  due t o  t h e  h i g h  tempera tu res ,  and t h e  r e m a i n i n g  
s h i e l d s  a r e  n i c k e l .  T h r u s t e r  B has 10 a d d i t i o n a l  r a d i a t i o n  s h i e l d s  w i t h  t h e  
10 c l o s e s t  t o  t h e  t h r u s t e r  b e i n g  p l a t i n u m  and t h e  r e m a i n i n g  10 b e i n g  n i c k e l .  
The suppor t  shroud i s  made o f  I n c o n e l ,  and serves t o  p r o t e c t  t h e  h e a t  exchanger 
and s h i e l d  pack w h i l e  p r o v i d i n g  a mount ing  p o i n t  f o r  t h e  t h r u s t e r .  T h i s  shroud 
c o n t a i n s  a s e r i e s  o f  smal l  v e n t  h o l e s  i n  t h e  downstream end t o  p r o v i d e  f o r  
e v a c u a t i o n  o f  t h e  r a d i a t i o n  s h i e l d  pack. I n  case o f  a p r e s s u r e  vesse l  l e a k ,  
these ven ts  w i l l  h e l p  t o  i n s u r e  t h a t  t he  gases a r e  a c c e l e r a t e d  away from t h e  
Freedom. 
The t h r e e  l a y e r s  o f  s h i e l d s  c l o s e s t  t o  t h e  h e a t  
TEST STAND AND FACILITY 
For purposes o f  t e s t i n g  t h e  r e s i s t o j e t  was mounted h o r i z o n t a l l y  on a 
t h r u s t  measurement s tand  deve loped and b u i l t  a t  t h e  NASA Lewis ( f i g .  3 ) .  T h i s  
dev i ce  r e l a t e s  t h e  h o r i z o n t a l  d i sp lacemen t  o f  t h e  t h r u s t e r  t o  t h e  genera ted  
t h r u s t ,  by u s i n g  a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r  ( r e f .  1 1 ) .  The 
s tand i s  c a l i b r a t e d  b y  a p p l y i n g  known f o r c e s  to  t h e  s tand  and r e c o r d i n g  t h e  
r e s u l t i n g  d i sp lacemen t .  The e n t i r e  t h r u s t  s tand  i s  wa te r  coo led  t o  h e l p  e l i m i -  
n a t e  the rma l  d r i f t .  Windage e f f e c t s  on t h e  t h r u s t e r  were e l i m i n a t e d  b y  t h e  use 
o f  a windage s h i e l d .  The s h i e l d  was a t h i n  s t a i n l e s s  s t e e l  sheet  a p p r o x i m a t e l y  
one - ten th  o f  a square m e t e r ,  a t t a c h e d  t o  a s t a t i o n a r y  p a r t  of t h e  t h r u s t  s tand .  
The s h i e l d  i s  l o c a t e d  p a r a l l e l  t o  t h e  n o z z l e  e x i t  p l a n e  o f  t h e  t h r u s t e r .  The 
t h r u s t e r  f i r e s  t h r o u g h  a h o l e  i n  t h e  c e n t e r  o f  t h i s  s h i e l d .  The t h r u s t  s tand  
i s  a b l e  t o  accommodate up t o  t h r e e  thermocoup les  which were o f  t h e  chromel-  
a lumel t y p e .  They w e r e  a t t a c h e d  t o  t h e  t h r u s t e r  s h e l l  near  t h e  n o z z l e ,  a t  t h e  
m i d s e c t i o n ,  and near  t h e  power l eads  as i l l u s t r a t e d  i n  f i g u r e  1 .  The w i r i n g  
f o r  these thermocoup les  i s  such t h a t  t h e y  do n o t  impede t h e  freedom o f  t h e  
f l e x u r e s  i n  t h e  t h r u s t  s tand .  
The t e s t  s tand  was mated t o  a 4 . 6  m (15 f t )  d iamete r  by 19 m ( 6 2  f t )  l o n g  
vacuum t a n k  v i a  a p o r t  s i m i l a r  t o  a b e l l  j a r .  T h i s  b e l l  j a r  a l l o w e d  t h e  exper-  
c o n s t a n t  vacuum. The b e l l  j a r  i s  evacuated  to  a p p r o x i m a t e l y  0 . 1  t o r r ,  then  t h e  
v a l v e  i s  opened t o  t h e  main t a n k .  Th is  t a n k  has twen ty  0.8 m ( 2 . 6  f t )  d iamete r  
o i l  d i f f u s i o n  pumps, f o u r  l o b e  t y p e  b lowers  and f o u r  d i sp lacemen t  pumps 
( r e f .  12) .  The t a n k ' s  capable o f  cryo-pumping w i t h  l i q u i d  n i t r o g e n  c o o l e d  b a f -  
o f  the  t a n k  i s  lo-' t o r r  ( 1  t o r r  = 1 mm o f  mercu ry ) .  
, iment t o  be i s o l a t e d  when needed from t h e  main t a n k  which i s  m a i n t a i n e d  under 
I f l e s  which was u t i l i z e d  when carbon d i o x i d e  was t e s t e d .  The u l t i m a t e  p r e s s u r e  
THRUSTER PERFORMANCE CHARACTERIZATION 
Procedure 
I I n  d e v e l o p i n g  t h e  t e s t  p l a n  f o r  t h e  performance c h a r a c t e r i z a t i o n  t e s t s ,  
c o n s i d e r a t i o n  was g i v e n  t o  how t h i s  t h r u s t e r  would be c o n t r o l l e d  i n  f l i g h t .  
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L i k e l y  methods would be t o  c o n t r o l  t h e  i n l e t  o p e r a t i n g  p r e s s u r e  a n d / o r  t h e  
h e a t e r  t e m p e r a t u r e .  The i n l e t  p r e s s u r e  d i c t a t e s  t h e  t h r u s t  l e v e l ,  and t h e  
tempera tu re  e s t a b l i s h e s  t h e  s p e c i f i c  impu lse  (Isp>. 
d e t e r m i n e  t h e  o p e r a t i n g  enve lope of t h e  t h r u s t e r .  
t o j e t  was des igned  w i t h  a p r e s s u r e  vesse l  l i m i t  o f  310 kPa (45  p s i a )  ( r e f .  8 > ,  
e s t a b l i s h i n g  t h e  upper l i m i t  f o r  i n l e t  p r e s s u r e .  The lower  p r e s s u r e  l i m i t  was 
s e t  a t  13.7 kPa ( 2  p s i a ) ,  wh ich  was t h e  l o w e s t  p r e s s u r e  f o r  o b t a i n i n g  a c c u r a t e  
measurements. I n t e r m e d i a t e  p ressu res  o f  68.9,  137.8 and 206.8 kPa (10, 20 and 
30 p s i a )  were i n c l u d e d  t o  e f f e c t i v e l y  span t h e  o p e r a t i n g  enve lope .  The opera-  
t i n g  tempera tu re  o f  1200 " C  (2200 O F >  was used as t h e  upper tempera tu re  l i m i t .  
The lower  l i m i t  was ambien t  c o n d i t i o n s .  I n t e r m e d i a t e  tempera tu res  o f  500 and 
900 " C  (930 and 1650 O F )  were i n c l u d e d  t o  cove r  t h e  o p e r a t i n g  enve lope .  
The n e x t  s t e p  was to  
The e n g i n e e r i n g  model r e s i s -  
Based on s t u d i e s  t o  de te rm ine  t h e  most l i k e l y  c a n d i d a t e s  f o r  waste gases 
on t h e  Freedom, a rgon ,  n i t r o g e n ,  and carbon d i o x i d e  were shown t o  r e p r e s e n t  
o v e r  70 p e r c e n t  of the  t o t a l  mass of waste gases ( r e f .  1 3 ) .  These gases were 
r u n  i n d i v i d u a l l y ,  w i t h  a rgon and n i t r o g e n  r u n  i n  m i x t u r e s  o f  1 :3 ,  1 : 1 ,  and 3 : l  
based on mass. M i x t u r e s  were t e s t e d  s i n c e  t h e y  more c l o s e l y  s i m u l a t e  a c t u a l  
waste gas c o n d i t i o n s  t h a t  r e s i s t o j e t s  w i l l  e x p e r i e n c e  on t h e  Freedom. Hydrogen 
was t e s t e d  t o  de te rm ine  t h e  e f f e c t s  o f  u s i n g  a gas wh ich  d e v i a t e s  s i g n i f i c a n t l y  
from t h e  o t h e r s  i n  terms o f  thermal  p r o p e r t i e s .  
For s teady  s t a t e  c o n d i t i o n s  each t e s t  p o i n t  was r u n  t w i c e  t o  ensure  accu- 
r a c y  when t i m e  p e r m i t t e d .  The t h r u s t e r  was o p e r a t e d  u n t i l  i t  had reached i t s  
h e a t e r  t empera tu re  and Isp e q u i l i b r i u m s ,  then  d a t a  was r e c o r d e d .  I n  most 
cases t h i s  r e s u l t e d  i n  t h e  t h r u s t e r  r e a c h i n g  i t s  o v e r a l l  thermal  e q u i l i b r i u m .  
Exper imen ta l  parameters  t h a t  were measured i n c l u d e d  i n l e t  p r e s s u r e  a t  t h e  
p o i n t  j u s t  b e f o r e  t h e  gas e n t e r e d  t h e  t h r u s t e r ,  c u r r e n t  and v o l t a g e ,  t h r u s t ,  
mass f low r a t e ,  t a n k  p r e s s u r e ,  and t h r u s t e r  s h e l l  t empera tu res .  A l l  i n s t r u -  
ments were c a l i b r a t e d  b e f o r e  t h e  t e s t i n g  began, t h e  t h r u s t  s tand  was c a l i b r a t e d  
a t  t h e  b e g i n n i n g  and end o f  each t e s t  day. The t e s t s  were conducted  w i t h  a dc 
power s u p p l y  due t o  i t s  ease o f  c o n t r o l  and a l l o w e d  d i r e c t  m o n i t o r i n g  o f  t h e  
h e a t e r  r e s i s t a n c e  from which  h e a t e r  t empera tu re  i s  c a l c u l a t e d .  
D u r i n g  t e s t i n g  t h e  t a n k  was m a i n t a i n e d  a t  as low a p r e s s u r e  as p o s s i b l e  
t o  ensure  accu racy .  A t  t h e  l ower  f low r a t e s  t e s t e d  a tank p r e s s u r e  i n  t h e  
10-4 t o r r  reg ime was m a i n t a i n e d  d u r i n g  a p p r o x i m a t e l y  50 p e r c e n t  o f  t h e  t e s t -  
i n g .  When f low r a t e s  were i n c r e a s e d  so t h a t  t h e  t a n k  p r e s s u r e  r o s e  above t h e  
10-4 t o r r  reg ime ,  t h e  d i f f u s i o n  pumps had to  be t u r n e d  o f f  t o  i n s u r e  t h a t  no  
d i f f u s i o n  pump o i l  back streamed i n t o  t h e  t a n k .  W i th  t h e  d i f f u s i o n  pumps o f f ,  
t h e  t a n k  p r e s s u r e  was a t  a l l  t i m e s  l e s s  than  4x10-* tor r .  
o b t a i n e d  w i t h  t h e  d i f f u s i o n  pumps on i s  an a c c u r a t e  measurement o f  per fo rmance 
t h a t  w i l l  be seen i n  space. The d a t a  taken  a t  t h e  h i g h e r  p r e s s u r e s  had t o  be 
c o r r e c t e d .  
The i n f o r m a t i o n  
T h r u s t  C o r r e c t i o n  
I t  has been demonst ra ted  ( r e f .  14) t h a t  a t  t a n k  p ressu res  above 10-3 t o r r ,  
t h e  expans ion  process  of gas f low i n  a n o z z l e  i s  a f f e c t e d .  The normal p roce-  
dure  i s  t o  co r rec t  the  t h r u s t  by add ing  a t a n k  p r e s s u r e  m u l t i p l i e d  by  a n o z z l e  
e x i t  a rea  t e r m  t o  the  measured t h r u s t .  T h i s  t y p e  o f  c o r r e c t i o n  works w e l l  f o r  
unheated gases i n  a c o n i c a l  n o z z l e ,  b u t  i s  unaccep tab le  for hea ted  flow. T h i s  
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t ype  o f  c o r r e c t i o n  was n o t  d i r e c t l y  a p p l i c a b l e  s i n c e  we were d e a l i n g  w i t h  
heated  flows and a t rumpe t  n o z z l e .  An a t t e m p t  was made to  f i n d  an e f f e c t i v e  
a rea  r a t i o  f o r  t h i s  t rumpe t  n o z z l e  t o  e s t a b l i s h  a method by  wh ich  t o  c o r r e c t  
t h e  tank  p r e s s u r e  e f f e c t  on t h e  t h r u s t  ( r e f .  14) .  
The r e s u l t s  showed t h a t  t h e  e f f e c t i v e  a r e a  needed fo r  c o r r e c t i o n  v a r i e d  
s i g n i f i c a n t l y  w i t h  o p e r a t i n g  c o n d i t i o n s  o f  t h e  t h r u s t e r .  
gen i n d i c a t e d  t h a t  t h e  t h r u s t  was reduced by a p p r o x i m a t e l y  12 p e r c e n t  f o r  an 
i nc rease  i n  t a n k  p r e s s u r e  o f  t o  to r r .  To d i r e c t l y  a p p l y  t h i s  
c o r r e c t i o n  f a c t o r  t o  t h e  c u r r e n t  i n v e s t i g a t i o n  d i d  n o t  seem a p p r o p r i a t e  s i n c e  
the  o p e r a t i n g  s c e n a r i o s  were n o t  i d e n t i c a l .  S ince  ISp i s  dependent upon 
t h e  gas tempera tu re ,  t h i s  parameter  was used to  o b t a i n  a c o n s e r v a t i v e  c o r r e c -  
t i o n  f a c t o r  fo r  t h e  t h r u s t .  By d e f i n i t i o n ,  i f  t h e  ISp and mass f low a r e  
known, t h e  t h r u s t  can be c a l c u l a t e d .  Some t e s t  d a t a  was genera ted  for  most 
cases under d e s i r e d  c o n d i t i o n s  ( t a n k  p r e s s u r e  < l o - 3  t o r r )  t h a t  e s t a b l i s h e d  
what we w i l l  c a l l  t h e  " i d e a l "  I . T h i s  i s  t h e  ISp which shou ld  be 
o b t a i n e d  i n  a space environment."The i d e a l  was then  compared w i t h  t h e  
measured o b t a i n e d  f o r  t h e  same o p e r a t i n g  c o n d i t i o n s  w i t h  t h e  d i f f u s i o n  
pumps o f f  ( h i g h e r  tank  p r e s s u r e ) .  A c o r r e c t e d  t h r u s t  i s  o b t a i n e d  by  c a l c u l a t -  
i n g  what t h r u s t  i s  needed a t  t h e  measured mass f l ow  r a t e  t o  o b t a i n  t h e  i d e a l  
I s p .  T h i s  c o r r e c t i o n  f a c t o r  was c a l c u l a t e d  f o r  each a p p l i c a b l e  p o i n t  f o r  a 
g i v e n  tempera tu re .  The v a r i a t i o n  i n  magnitude o f  t h e  c o r r e c t i o n  f a c t o r  was 
smal l  enough t o  a l l o w e d  t h e  use of an average c o r r e c t i o n  f a c t o r  f o r  each tem- 
p e r a t u r e  and gas .  T h i s  t y p e  o f  c o r r e c t i o n  f a c t o r  may be t h r u s t e r  s p e c i f i c ,  and 
r e p r e s e n t s  a c o n s e r v a t i v e  c o r r e c t i o n  f a c t o r  when compared w i t h  o t h e r  e x i s t i n g  
d a t a .  
Tes t  d a t a  f o r  n i t r o -  
ISp 
ISp 
Performance R e s u l t s  for  S i n g l e  Gases 
The t h r u s t e r  demonst ra ted  good r e p e a t a b i l i t y  o f  d e l i v e r e d  t h r u s t ,  mass 
f low and r e q u i r e d  power i n p u t  f o r  a l l  c o n d i t i o n s  t e s t e d .  Bo th  t h r u s t e r s  t e s t e d  
pe r fo rmed  s i m i l a r l y ,  r e g a r d l e s s  o f  t h e  t e n  a d d i t i o n a l  r a d i a t i o n  s h i e l d s  t h a t  
t h r u s t e r  B had i n  i t s  c o n f i g u r a t i o n .  T h i s  c o u l d  have been caused by  a compres- 
s i o n  o f  t h e  r a d i a t i o n  s h i e l d s  d u r i n g  assembly.  T h i s  seems p l a u s i b l e  because 
t h e  a d d i t i o n a l  r a d i a t i o n  s h i e l d s  were i n c o r p o r a t e d  w i t h o u t  chang ing  t h e  dimen- 
s ions  o f  t h e  o u t e r  s h e l l .  
Tab le  I11 p r e s e n t s  a summary o f  t h e  t e s t  d a t a  o b t a i n e d  i n  t h i s  s t u d y  f o r  
n i t r o g e n .  P o i n t s  t o  n o t i c e  a r e  t h e  13.7 and 68.9 kPa t e s t  cases. An o v e r a l l  
measurement o f  t h r u s t e r  per fo rmance i s  i t s  
gas tempera tu re .  Performance measurements f o r  t h e  13.7 kPa i n l e t  c o n d i t i o n  
case r e s u l t e d  i n  much worse per fo rmance than  a l l  o t h e r  c o n d i t i o n s .  The h i g h e r  
tempera ture  68.9 kPa c o n d i t i o n s  a l s o  e x h i b i t e d  poor  
o t h e r  d a t a .  The o v e r a l l  e f f i c i e n c i e s  ( d e f i n e d  l a t e r  i n  t h i s  s e c t i o n )  were a l s o  
found t o  be much lower  than  t h e  b u l k  of t h e  da ta .  Whether these phenomenas 
can be a t t r i b u t e d  t o  poor h e a t  t r a n s f e r  or v i s c o u s  l o s s e s  i n  t h e  n o z z l e ,  t h e  
13.7 kPa d a t a  w i l l  n o t  be i n c l u d e d  s i n c e  a d e v i a t i o n  from t h e  norm i s  n o t  so 
d r a s t i c .  
ISp which i s  dependent upon t h e  
Isp compared to  t h e  
F i g u r e  4 p r e s e n t s  t h e  c o r r e c t e d  t h r u s t  ve rsus  power i n p u t  for  t h e  e n t i r e  
t e s t  m a t r i x .  No c o r r e c t i o n  f a c t o r  was needed f o r  carbon d i o x i d e  s i n c e  t h e  t a n k  
p ressu re  was always m a i n t a i n e d  below 10-3 t o r r  by  u t i l i z i n g  t h e  n i t r o g e n  
cryo-pumping c a p a b i l i t y .  An e f f e c t  o f  d e c r e a s i n g  t h r u s t  w i t h  i n c r e a s i n g  power/  
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t empera tu re  can be seen. The average t h r u s t  i s  i n d i c a t e d  f o r  each o f  t h e  i n l e t  
p r e s s u r e s  t e s t e d .  A t  t empera tu res  above 300 "C, t h e  t h r u s t  l e v e l s  a r e  w i t h i n  
0.030 N (0.006 l b f )  o f  t h e  average. T h i s  suggests t h a t  t h e  t h r u s t  l e v e l  i s  
h i g h l y  dependent upon t h e  i n l e t  p resssu re ,  and f a i r l y  independent  o f  t h e  gas 
t y p e  and i t s  t empera tu re .  F i g u r e  5 compares t h e  Isp t o  t h e  e s t i m a t e d  gas 
tempera tu re  for  a l l  t h e  gases o v e r  t h e  e n t i r e  t e s t  m a t r i x ,  w i t h  t h e  e x c e p t i o n  
o f  t h e  13.7 kPa i n l e t  c o n d i t i o n .  The dependency upon o p e r a t i n g  tempera tu re  i s  
s t r o n g l y  e v i d e n t .  Performance appears to  be independent  o f  o p e r a t i n g  p r e s s u r e  
r e l a t i v e  to  t h e  ISp. 
root  o f  tempera tu re  d i v i d e d  by  t h e  m o l e c u l a r  w e i g h t  r a t i o ,  t h e n  m u l t i p l i e d  by 
t h e  necessary  c o n s t a n t .  T h i s  method t o  p r e d i c t  performance i s  v e r y  s i m p l e  and 
p r o v i d e s  a good c o r r e l a t i o n  w i t h  t h e  t e s t  d a t a .  Tab le  I V  p r e s e n t s  t y p i c a l  
ISp i n d i v i d u a l  gases. va lues  f o r  tempera tu res  n o t  t e s t e d  can be found  by  
s imp le  i n t e r p o l a t i o n .  
The cu rves  for t h i s  p l o t  were genera ted  from a square 
va lues  and t h e  e m p i r i c a l  c o r r e l a t i o n  f a c t o r  a s s o c i a t e d  w i t h  each o f  t h e  
ISp 
Thermal l o s s e s  r e p r e s e n t  a s i g n i f i c a n t  p rob lem f o r  t h i s  t y p e  o f  t h r u s t e r .  
The e n g i n e e r i n g  model r e s i s t o j e t  a t tempted  t o  m i n i m i z e  such l o s s e s  w i t h  t h e  use 
o f  r a d i a t i o n  s h i e l d s .  The e f f e c t i v e n e s s  o f  these s h i e l d s  i s  r e f l e c t e d  i n  t h e  
o v e r a l l  t h r u s t e r  e f f i c i e n c i e s .  O v e r a l l  t h r u s t e r  e f f i c i e n c y  accounts  f o r  a l l  
energy  l o s s e s  t h a t  can be ass igned  t o  an e l e c t r i c a l  t h r u s t e r  i n c l u d i n g  wasted 
e l e c t r i c a l  power, loss o f  t h r u s t  due t o  d i s p e r s i o n  o f  t h e  f low i n  t h e  n o z z l e ,  
and thermal  l o s s e s  ( r e f .  1 5 ) .  The t h r u s t e r s  o v e r a l l  e f f i c i e n c y  was e v a l u a t e d  
based on i t s  a b i l i t y  t o  c o n v e r t  e l e c t r i c a l  energy  i n t o  k i n e t i c  ene rgy .  T h i s  
i s  d e f i n e d  as t h e  energy  e x i t i n g  t h e  t h r u s t e r  r e l a t i v e  to  energy  i n p u t .  The 
energy  d e l i v e r e d  by t h e  t h r u s t e r  i s  t h e  k i n e t i c  energy ,  c a l l e d  P j e t  he re ,  
b e i n g  t h e  power i n  t h e  j e t .  
Where m i s  t h e  mass and u i s  t h e  gas v e l o c i t y .  T h i s  e x p r e s s i o n  can be con- 
v e r t e d  i n t o  parameters  t h a t  a r e  e a s i l y  o b t a i n e d  from exper imen t  t o  
Where F i s  t h e  t h r u s t  and g i s  t h e  u n i v e r s a l  g r a v i t a t i o n a l  c o n s t a n t .  The 
energy  i n p u t  t o  t h e  t h r u s t e r  i s  e l e c t r i c a l ,  and t h e  e n t h a l p y  o f  t h e  incoming 
gas i s  t aken  as b e i n g  a t  t h e  i n l e t  t o  t h e  t h r u s t e r .  The e x p r e s s i o n s  used f o r  
energy  i n p u t  i s :  
Power i n p u t  
P i n  = I E  + nh 
Where I and E a r e  c u r r e n t  and v o l t a g e ,  n i s  t h e  mass f low r a t e ,  and h 
i s  t h e  e n t h a l p y  o f  t h e  gas a t  ambien t  c o n d i t i o n s .  
T h e r e f o r e  t h e  e x p r e s s i o n  f o r  o v e r a l l  t h r u s t e r  e f f i c i e n c y  i s :  
A s  expec ted  t h e  e f f i c i e n c y  i s  a maximum a t  ambien t  flow c o n d i t i o n s  and 
decreases w i t h  i n c r e a s i n g  tempera tu re .  F i g u r e s  6 and 7 p r e s e n t  t h r u s t e r  e f f i -  
c i e n c y  ve rsus  th rus t - to -power  r a t i o  ( F / P ) .  F i g u r e  6 i l l u s t r a t e s  t h i s  r e l a t i o n -  
s h i p  w i t h  n i t r o g e n  for t h e  e n t i r e  t e s t  m a t r i x .  The tempera tu re  o f  each p o i n t  
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i s  i n d i c a t e d  and i n c r e a s e s  from r i g h t - t o - l e f t .  The c u r v e  approaches i t s  maxi-  
mum e f f i c i e n c y  a s y m p t o t i c a l l y ,  b e i n g  t h e  c o n d i t i o n  of  z e r o  power wh ich  i s  on  
t h e  o r d e r  o f  90 p e r c e n t .  F i g u r e  7 combines t h e  e f f i c i e n c i e s  f o r  a l l  t h e  gases. 
T h i s  p l o t  shows t h a t  t h e  gases w i t h  t h e  e x c e p t i o n  o f  hydrogen behave s i m i l a r l y  
f o r  F / P  r a t i o s  o f  l e s s  t h a n  1 ,  w i t h  b e h a v i o r  so a l i k e  t h a t  o n l y  v e r y  sma l l  
d i f f e r e n c e s  can be seen. For F / P  r a t i o s  of l e s s  t h a n  1 ,  t h e  h e a t e r  tempera- 
t i i r e s  were g r e a t e r  t h a n  900 " C .  A s  t h e  tempera tu re  was reduced be low 900 " C ,  
t h e  F / P  i n c r e a s e d  and t h e  s i m i l a r i t y  i n  e f f i c i e n c i e s  between t h e  gases became 
l e s s  pronounced. Under these  c o n d i t i o n s  t h e  o v e r a l l  e f f i c i e n c y  between t h e  
gases i s  a r ranged  i n  ascend ing  o r d e r  by  d e c r e a s i n g  m o l e c u l a r  w e i g h t .  They a l l  
approach t h e  90 p e r c e n t  e f f i c i e n c y  zone for ambien t  t empera tu re ,  z e r o  power 
c o n d i t i o n s .  Hydrogen demonst ra ted  t h e  h i g h e s t  e f f i c i e n c y  by a s i g n i f i c a n t  f a c -  
t o r  a t  a l l  c o n d i t i o n s  excep t  f o r  c o l d  f l ow  where i t  was comparable t o  t h e  o t h e r  
gases. 
I n f o r m a t i o n  ga the red  he re  on t h e  o v e r a l l  t h r u s t e r  e f f i c i e n c y  and t h e  p e r -  
formance measured by s p e c i f i c  impu lse ,  o f f e r  i n s i g h t  i n t o  how t h e  t h r u s t e r  w i l l  
l i k e l y  respond fo r  any s e t  o f  o p e r a t i n g  c o n d i t i o n s .  T h i s  t h r u s t e r  e x h i b i t e d  
poor  e f f i c i e n c y  and fo r  a l l  gases r u n  w i t h  t h e  13.7 kPa ( 2  p s i a )  i n l e t  
c o n d i t i o n ,  and t h e  6 8 . 9  kPa (10 p s i a )  hea ted  f low cases. For a l l  cases, t h e  
e f f i c i e n c y  decreases w i t h  i n c r e a s i n g  tempera tu re ,  w h i l e  t h e  Isp i s  i n c r e a s -  
i n g .  Some o f  t h e  b e n e f i t s  o f  o p e r a t i n g  a t  a h i g h  tempera tu re  i n c l u d e  b e t t e r  
impu lse  wh ich  t r a n s l a t e s  i n t o  l e s s  r e s u p p l y  f o r  t h e  main p r o p u l s i o n  system. 
T h i s  a l s o  extends  t h e  o p e r a t i o n a l  l i f e  o f  t h e  main s y s t e m .  The n e g a t i v e  a s p e c t  
o f  t h i s  mode i s  a l ower  power usage e f f i c i e n c y .  A t r a d e o f f  i s  r e q u i r e d  t o  
de te rm ine  t h e  optimum o p e r a t i n g  p o i n t  t h a t  maximizes d e l i v e r e d  impu lse  and min- 
i m i z e s  power l o s s e s .  
ISp 
Performance R e s u l t s  for  Mixed Gases 
Once t h e  i n d i v i d u a l  gases were c h a r a c t e r i z e d ,  t h e  f o c u s  was t u r n e d  t o  how 
m i x t u r e s  o f  these  gases would p e r f o r m .  A t  t h e  t i m e  t h i s  s t u d y  was i n i t i a t e d  
argon and n i t r o g e n  r e p r e s e n t e d  t h e  m a j o r i t y  of waste gases on  a mass b a s i s ,  and 
c o u l d  be combined e a s i l y  and s a f e l y .  The same t e s t  m a t r i x  and p rocedure  was 
used f o r  t h e  m i x t u r e s  t h a t  was deve loped for  t h e  i n d i v i d u a l  gases. Due t o  t i m e  
c o n s t r a i n t s ,  t h e  13.7 kPa case was o m i t t e d  and m u l t i p l e  r u n s  o f  t e s t  p o i n t s  
were n o t  a lways  per fo rmed.  These changes shou ld  n o t  i n t r o d u c e  any s i g n i f i c a n t  
v a r i a n c e  based on  exper ience  and i n s i g h t  ach ieved  from p r e v i o u s  t e s t i n g .  
The gases were t e s t e d  i n  m i x t u r e  r a t i o s  based on mass f r a c t i o n s  o f  25,  50 
and 75 p e r c e n t  argon, w i t h  n i t r o g e n  b e i n g  used t o  make up t h e  ba lance .  I t  was 
assumed t h a t  no  r e a c t i o n s  took p l a c e  wh ich  i s  reasonab le  g i v e n  t h e  i n e r t n e s s  
o f  a rgon .  T h i s  assumption w i l l  have t o  be c l o s e l y  s c r u t i n i z e d  when t h e s e  
t h r u s t e r s  a r e  used w i t h  more r e a l i s t i c  gas m i x t u r e s  wh ich  a r e  expec ted  t o  be 
encountered  i n  space f l i g h t  a p p l i c a t i o n s .  ISp 
versus  gas tempera ture  f o r  argon and n i t r o g e n  as t h e y  per fo rmed i n d i v i d u a l l y  
and t h e i r  response i n  t h e  t h r e e  m i x t u r e  r a t i o s .  A p r e d i c t e d  per fo rmance c u r v e  
i s  i n d i c a t e d  by t h e  c e n t e r  dashed l i n e ,  wh ich  was a r r i v e d  a t  by  s i m p l y  averag- 
i n g  t h e  argon and n i t r o g e n  I s  ' s  ach ieved  i n d i v i d u a l l y .  Th i s  p r e d i c t i o n  
agreed w e l l  w i t h  t h e  50 percen! a rgon m i x t u r e  d a t a .  A good a p p r o x i m a t i o n  f o r  
m i x t u r e s  o f  25  and 75 p e r c e n t  a rgon can be de te rm ined  by  t a k i n g  a r a t i o  o f  t h e  
gas mass f r a c t i o n  t o  t h e  per fo rmance o f  t h e  i n d i v i d u a l  gases. The r e s u l t :  o f  
r u n n i n g  argon and n i t r o g e n  m i x t u r e s  demonst ra tes  t h a t  a t  l e a s t  s i m p l e  m i x t u r e s  
o f  gases w i l l  o p e r a t e  s t a b l y ,  and per fo rmance can be p r e d i c t e d .  
F i g u r e  8 i s  a p l o t  o f  t h e  
a 
I 
TRANSIENT OPERATION 
Procedure 
I "  
When c o n s i d e r a t i o n  i s  g i v e n  t o  s t a r t - u p  c h a r a c t e r i s t i c s  o f  a r e s i s t o j e t ,  
t h e  t r a n s i e n t  b e h a v i o r  i s  i m p o r t a n t .  Such i n f o r m a t i o n  i s  needed i n  d e v e l o p i n g  
r e s i s t o j e t  o p e r a t i n g  s t r a t e g i e s  and i n  d e t e r m i n i n g  d u t y  c y c l e s .  To s h o r t e n  t h e  
t e s t  t i m e  o f  r u n n i n g  a l l  t h e  gases i n  a t r a n s i e n t  mode, a d e c i s i o n  was made t o  
t e s t  r e p r e s e n t a t i v e  gases whose thermodynamic p r o p e r t i e s  would span t h e  range 
o f  p r o p e r t i e s  t h a t  t h e  r e s i s t o j e t  would be expec ted  t o  hand le .  Argon and 
hydrogen were chosen as t h e  two c a n d i d a t e  t e s t  f l u i d s  because t h e y  most c l o s e l y  
s a t i s f y  t h i s  r e q u i r e m e n t .  Gases w e r e  r u n  a t  p r e s s u r e s  o f  6 8 . 9 ,  137.8 and 
206.8  kPa (10, 20 and 30 p s i a ) ,  n e a r l y  spanning t h e  p lanned  range o f  o p e r a t i n g  
p r e s s u r e s .  The tempera tu re  ranges were ambien t  t o  760 "C (1400 O F >  and ambien t  
t o  1200 "C (2200 O F ) .  The temperature o f  t h e  t h r u s t e r  was e s t a b l i s h e d  from an 
e m p i r i c a l  h e a t e r  r e s i s t a n c e  versus tempera tu re  r e l a t i o n s h i p ,  and m o n i t o r e d  b y  
measurements f r o m  t h r e e  thermocouples l o c a t e d  on t h e  s h e l l  as p r e v i o u s l y  
d e s c r i b e d .  The t h r u s t e r  des igna ted  f o r  t e s t i n g  was t h r u s t e r  B .  
Two s t a r t  up s c e n a r i o s  w e r e  used so t h a t  t h e  h e a t i n g  c h a r a c t e r i s t i c s  would 
be b e t t e r  d e f i n e d .  One was f a s t  o r  "maximum p r e h e a t "  method, t h e  o t h e r  a slow 
o r  "minimum p r e h e a t "  method. The s teady  s t a t e  o p e r a t i n g  c o n d i t i o n s  which had 
p r e v i o u s l y  been e s t a b l i s h e d  have a s s o c i a t e d  s e t  p o i n t  va lues  f o r  power which 
were  used as bench marks d u r i n g  t e s t i n g .  The maximum p r e h e a t  method means t h a t  
power was i n i t i a t e d  w i t h o u t  flow a t  a maximum c u r r e n t  l e v e l  o f  30 A u n t i l  t h e  
h e a t e r  t empera tu re  had r i s e n  t o  a p p r o x i m a t e l y  90 p e r c e n t  o f  t h e  d e s i r e d  s e t  
p o i n t .  Gas flow was t h e n  i n i t i a t e d  and c o n t r o l l e d  a t  a c o n s t a n t  i n l e t  p res -  
su re ;  c u r r e n t  was reduced t o  t h e  s e t  p o i n t  v a l u e .  S t a r t i n g  t h e  f low b e f o r e  t h e  
temperature s e t  p o i n t  i s  reached w i l l  guard a g a i n s t  t empera tu re  o v e r s h o o t  t h a t  
c o u l d  damage t h e  t h r u s t e r .  The second s t a r t - u p  s c e n a r i o  was slow or minimum 
p r e h e a t  method, which began w i t h  a c u r r e n t  l e v e l  of  30 A u n t i l  t h e  tempera tu re  
had r i s e n  t o  a p p r o x i m a t e l y  300 "C which shou ld  be s u f f i c i e n t  t o  s a f e l y  a c c e l e -  
r a t e  t h e  gases w i t h  no condensa t ion .  Gas flow was then  i n i t i a t e d  and c o n t r o l -  
l e d  to  a c o n s t a n t  i n l e t  p r e s s u r e ,  c u r r e n t  was reduced to  t h e  s e t  p o i n t  v a l u e  
and t h e  t e s t i n g  proceeds t o  steady s t a t e  c o n d i t i o n s .  The h e a t e r  e lement  has a 
maximum c u r r e n t  l i m i t  o f  50 A ,  b u t  f a c i l i t y  l i m i t a t i o n s  s e t  t h e  30 A maximum 
c u r r e n t  l e v e l  for t h e s e  t e s t s .  
The h e a t e r  t empera tu re  and t h e  I s  were t h e  q u a n t i t i e s  used t o  t r a c k  
t h e  c o n d i t i o n s  o f  t h e  t h r u s t e r  d u r i n g  s!art-up. 
r e q u i r e d  for t h e  above q u a n t i t i e s  t o  ach ieve  90 and 98 p e r c e n t  o f  t h e i r  s teady  
s t a t e  v a l u e s .  
The f o c u s  was t h e  t i m e  
T r a n s i e n t  R e s u l t s  
Table V i s  a c o m p i l a t i o n  o f  t h e  t r a n s i e n t  t e s t  d a t a  w i t h  some o f  t h e  p rob -  
l e m s  encountered  as no ted .  The c o n t r o l  errors were due t o  inadequate response 
t i m e s  d u r i n g  i n i t i a l  t e s t s .  Once t h e  b e h a v i o r  o f  t h e  t h r u s t e r  was e s t a b l i s h e d ,  
these problems were overcome. U n f o r t u n a t e l y  t h e  f a c i l i t y  had become d e d i c a t e d  
t o  o t h e r  exper imen ts  r e s u l t i n g  i n  l i m i t e d  t e s t  da ta .  An a u t o m a t i c  c o n t r o l l e r  
w i t h  a s imp le  tempera tu re  feedback l o o p  would have s o l v e d  90 p e r c e n t  o f  p rob -  
l e m s  exper ienced .  
9 
The t h r u s t e r  b e h a v i o r  v a r i e d  s i g n i f i c a n t l y  w i t h  amount o f  p r e h e a t  as shown 
i n  f i g u r e s  9 t o  12. P l o t t e d  a r e  t y p i c a l  response t i m e s  f o r  t h e  two p r o p e l l a n t s  
t e s t e d .  Hea te r  tempera tu re  s t a r t - u p  h i s t o r i e s  i n  f i g u r e s  9 and 10 show t h e  
d i f f e r e n c e s  between t h e  maximum and minimum p r e h e a t  scenar ios .  D u r i n g  p r e h e a t  
t h e  h e a t e r  t empera tu re  e x h i b i t e d  a l i n e a r  t r a n s i e n t  u n t i l  f low was i n i t i a t e d .  
No s i g n i f i c a n t  t empera tu re  d r o p  was observed w i t h  f low i n i t i a t i o n ,  a tempera- 
t u r e  p l a t e a u  o f  2 t o  10 m in  was n o r m a l l y  exper ienced .  
The tempera tu re  response u s i n g  hydrogen, i l l u s t r a t e d  i n  f i g u r e  9 f o r  t h e  
1200 " C  maximum p r e h e a t  t e s t  c o n d i t i o n ,  r e s u l t e d  i n  a l i n e a r  tempera tu re  g r a d i -  
e n t  o f  100" /min  u n t i l  gas i n i t i a t i o n .  The g r a d i e n t  was t h e n  reduced t o  3 " /m in  
and p r e v a i l e d  u n t i l  s teady  s t a t e  was reached.  I t  shou ld  be n o t e d  t h a t  t h e  a c t -  
u a l  tempera ture  g r a d i e n t  approached t h e  s teady  s t a t e  c o n d i t i o n  a s y m p t o t i c a l l y  
fo r  a l l  cases. The 760 " C  maximum p r e h e a t  c o n d i t i o n  responded w i t h  g r a d i e n t s  
which were n o t  d i s c e r n i b l y  d i f f e r e n t  from t h e  1200 "C case. For t h e  1200 "C 
minimum p r e h e a t  case, t h e  tempera tu re  g r a d i e n t  was l i n e a r  a t  90" /min  u n t i l  gas 
i n i t i a t i o n  when t h e  g r a d i e n t  was reduced t o  18" /min  u n t i l  t h e  25 m in  e l a p s e d  
t i m e  p o i n t  was reached,  t h e  g r a d i e n t  was reduced t o  8 " /m in  t o  t h e  50 m in  p o i n t  
when the  g r a d i e n t  was f i n a l l y  reduced t o  5 " /m in  u n t i l  s teady  s t a t e  was 
ach ieved.  The 760 " C  minimum p r e h e a t  beg ins  w i t h  t h e  same i n i t i a l  g r a d i e n t s  
90" and 18" /1n in  t o  t h e  20 m in  p o i n t  when t h e  g r a d i e n t  was reduced t o  2 .5 " /m in ,  
u n t i l  s teady  s t a t e  was ach ieved .  
T y p i c a l  temperature response for the heater using argon as the working 
f l u i d ,  shown i n  f i g u r e  10 fo r  t h e  1200 "C maximum p r e h e a t ,  beg ins  w i t h  a l i n e a r  
i n c r e a s e  o f  80 " /m in  f o r  t h e  f i r s t  10 m in  a f t e r  wh ich  gas f low was i n i t i a t e d .  
The g r a d i e n t  reduced t o  about  8 " /m in  u n t i l  t h e  35 rnin p o i n t  and was reduced t o  
a r a t e  o f  3 " /m in  u n t i l  s teady  s t a t e  was reached.  The 760 " C  maximum p r e h e a t  
case began w i t h  t h e  same i n i t i a l  g r a d i e n t  f o r  t h e  f i r s t  6 min ,  t h e n  changes t o  
a 3 .5 " /m in  p o s i t i v e  g r a d i e n t  u n t i l  s teady  s t a t e  was ach ieved .  For t h e  1200 " C  
minimum p r e h e a t  case, t h e  i n i t i a l  g r a d i e n t  was a g a i n  80" /min  f o r  t h e  f i r s t  
3 min,  t h e n  changes t o  22" /min  u n t i l  t h e  18 min p o i n t  was reached when t h e  
g r a d i e n t  was reduced a g a i n  t o  13" /m in  t o  t h e  44 m i n  p o i n t  and was f i n a l l y  
reduced t o  6 " /m in  u n t i l  s teady  s t a t e  was ach ieved .  The 760 "C minimum p r e h e a t  
had t h e  same i n i t i a l  g r a d i e n t ,  changes t o  9 " /m in  to  t h e  36 m in  p o i n t ,  t h e n  was 
decreased t o  4 " /m in  u n t i l  s teady  s t a t e  was reached. The o v e r a l l  response r a t e  
fo r  t h e  two d i f f e r e n t  tempera tures  l e v e l  were q u i t e  s i m i l a r ;  t h e  l o w e r  tempera- 
t u r e  c o n d i t i o n  e x h i b i t e d  s l i g h t l y  f a s t e r  response c h a r a c t e r i s t i c s .  
The achievement o f  t h e  90 p e r c e n t  p o i n t  f o r  t h e  slow h e a t  method w i t h  
argon ranged from 45 t o  65 min .  For t h e  l i m i t e d  d a t a  o b t a i n e d  w i t h  hydrogen, 
t h e  90 p e r c e n t  p o i n t  was ach ieved  i n  55 t o  65 m in .  The 98 p e r c e n t  p o i n t  took 
60 t o  75 m in  f o r  a rgon ,  and 80 t o  90 min  f o r  hydrogen. 
The Isp f o r  t h e  maximum p r e h e a t  method for a l l  cases f e l l  w i t h i n  a narrow range o f  8 to  1 5  min  t o  reach  t h e  90 p e r c e n t  p o i n t .  T h i s  development 
means t h a t  even f o r  gases wh ich  have e x t r e m e l y  d i f f e r e n t  thermodynamic p roper -  
t i e s ,  t h e y  w i l l  ach ieve  90 p e r c e n t  of t h e i r  s teady  s t a t e  per fo rmance i n  r o u g h l y  
12  min i f  t h i s  p r e h e a t  method i s  used.  The minimum p r e h e a t  method reached t h e  
90 p e r c e n t  
hydrogen. The l o n g e s t  t r a n s i e n t s  were a t  t h e  l o w e s t  i n l e t  p r e s s u r e s .  ISp 
p o i n t  i n  25 t o  42 min  for argon and i n  30 t o  40 m in  for  
ISp i s  i n f l u e n c e d  by  t h e  square root o f  t h e  gas tempera tu re  as p re -  v i o u s l y  d i scussed .  T h i s  t r a n s l a t e s  i n t o  ISp t r a n s i e n t s  wh ich  s h o u l d  mimic 
10 
I -  
I -  
t h e  h e a t e r  t empera tu re  t r a n s i e n t  response r a t e s .  F i g u r e s  1 1  and 12 i n d i c a t e  
t h i s  b e h a v i o r  even though t h e y  a r e  n o t  as smooth as t h e  h e a t e r  t empera tu re  
c u r v e s .  T h i s  can be a t t r i b u t e d  t o  a s l i g h t  mismatch between d e s i r e d  flow r a t e  
and a c t u a l  f low r a t e  d e l i v e r e d  d u r i n g  t h e  t e s t  sequence. 
ence between t h e  h e a t e r  and impu lse  cu rves  i s  t h a t  t h e  s teady  s t a t e  
ach ieved  more q u i c k l y  than  i s  t h e  s teady  s t a t e  h e a t e r  t empera tu re .  
s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  gas responds to  t h e  h o t t e s t  s e c t i o n  o f  t h e  h e a t  
exchanger,  w h i l e  t h e  tempera tu re  measurement for  t h e  h e a t e r  i s  an o v e r a l l  aver -  
age which has a s lower  response.  The r e s u l t s  showed t h a t  t h e  maximum p r e h e a t  
method ach ieved  s teady  s t a t e  c o n d i t i o n s  i n  r o u g h l y  h a l f  t h e  t i m e  i t  took t h e  
minimum p r e h e a t  method. 
d i f f e r e n c e  i n  response based on what gas i s  used. 
The one m a j o r  d i f f e r -  
Isp i s  
One pos- 
The t e s t s  as pe r fo rmed  d i d  n o t  y i e l d  a s i g n i f i c a n t  
CONCLUDING REMARKS 
M u l t i p r o p e l l a n t  r e s i s t o j e t s  a r e  proposed t o  be on-board Space S t a t i o n  
Freedom t o  p r o v i d e  an e f f e c t i v e  and b e n e f i c i a l  manner t o  d i s p o s e  o f  waste or 
e x c e s s  f l u i d s .  
ceed, d e t a i l e d  i n f o r m a t i o n  o f  t h e  components i s  r e q u i r e d .  The d a t a  genera ted ,  
and r e p o r t e d  he re ,  f u l f i l l s  t h i s  r e q u i r e m e n t  by  g r e a t l y  expand ing  t h e  l i m i t e d  
database o f  m u l t i p r o p e l l a n t  r e s i s t o j e t  t h r u s t e r s .  Enough d a t a  now e x i s t s  
between t h i s  and p r e v i o u s  r e p o r t s  t o  c o n f i d e n t l y  p r e d i c t  how t h e  t h r u s t e r  w i l l  
p e r f o r m  d u r i n g  s teady  s t a t e  o p e r a t i o n  anywhere i n  i t s  e x t e n s i v e  o p e r a t i n g  
enve lope.  T r a n s i e n t  d a t a  can be u t i l i z e d  t o  de te rm ine  i f  response t imes  a r e  
accep tab le  or r e q u i r e  f u r t h e r  m o d i f i c a t i o n .  The o n l y  g r a y  a r e a  t h a t  s t i l l  
remains i s  how t h i s  t h r u s t e r  w i l l  p e r f o r m  w i t h  v a r i o u s  m i x t u r e s .  The l i m i t e d  
m i x t u r e  d a t a  a c q u i r e d  i n  t h i s  s t u d y  o f f e r s  i n s i s h t s ,  b u t  as i s  o f t e n  t h e  case, 
A s  t h e  d e s i g n  and a n a l y s i s  o f  p r o p u l s i o n  and f l u i d  systems p ro -  
a d d i t i o n a l  t e s t i n g  i s  a lways b e n e f j c i a l .  
- 
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TABLE 1. - FLIGHT HISTORY OF RESISTOJET THRUSTERS 
Spacecraft 
Vel a 
Navy 
ATS-A, C 
Advanced 
Vel a 
ATS-D. E 
Navy 
Navy 
INTELSAT V 
F l i g h t s  ( 1  t o  4) 
RCA SATCOM G 
sa te l  1 i t e  
sa te l  1 i t e  
sa te l  1 i t e  
F i r s t  
f l i g h t  
1965 
1965 
1966 
1967 
1968 
1971 
1971 
1981 
1983 
Spacecraft 
TRW 
GE 
AVCO 
TRW 
AVCO 
AVCO 
Vel a 
Navy 
sa te l  1 i t e  
ATS-A, C 
Advanced 
Vel a 
ATS, 0, E 
O r b i t  adjustment 
A t t i t u d e  con t ro l  
Experiment 
O r b i t  ad jus t /  
a t t i  tude con t ro l  
A t t i t u d e  con t ro l  
Operational system 
and o r b i t  con t ro l  
Navy 
INTELSAT V 
SATCOM G 
sa te l  1 i t e  
TRW 
RRC 
Total  
f l i g h t s  
North/South 
North/South 
s ta t ionkeep ing  
s ta t ionkeep ing  
P rope1 1 ant  I Manufacturer I Function 
Ammonia 
Ammonia 
Ni t rogen 
Ammonia 
Ammonia 
I Experiment Hydrazine I AVCO 
Hyd raz i ne 
1 I 
TABLE 11. - OPERATING CHARACTERISTICS 
Thrust, 
mN 
187 
89 
18 
89 
18 
44 t o  356 
223 t o  490 
178 t o  356 
-
I S P ,  
sec 
123 
132 
150 
132 
150 
- 
235 
280 
298 
Power, 
W 
92 
30 
3.6 
30 
3.6 
3 
(300 t o  660) 
450 
Comment 
F i r s t  opera t iona l  r e s i s t o j e t s .  
No f a i l u r e s .  
F l i g h t  systems encountered 
some va lve  1 eakage prob l  ems 
ATS-A system f a i l e d ,  ATS-C 
system was p a r t i a l  success 
Two 3-nozzle th rus te rs  per 
spacecraf t .  No f a i l u r e s .  
Both systems success fu l .  D 
system success fu l l y  ac t i va ted  
a f t e r  3 years i n  o r b i t .  
Unsuccessful o r b i t a l  
demonstrat i  on. 
Successful f l i g h t  operat ion.  
On board. 
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Gas 
Argona 
Argon 
Argon 
Argon 
Argon 
Argon 
Argonb 
Argon 
Argonb 9 
Argon 
Argone 
Hydrogen 
Hydrogen 
HydrogenC 
Hydrogen 
Hydrogend 
Hydrogend 
Hydrogen 
Hydrogen 
Hydrogen 
Argon 
Carbon 
d iox ide  
TABLE I V .  - SPECIFIC IMPULSE CORREUTION FACTORS 
[Predi cted ISp CF(Temp) l I 2 / (  Molecular weight)  . I  
30 
500 
900 
1200 
30 
500 
900 
1200 
Gas I Temperature, 
N i t rogen 
Hydrogen 
I O C  
30 
500 
900 
1200 
30 
500 
K 
303 
773 
1173 
1473 
Cor re la t i on  
factor-CF 
124 
160 
113 
31 
Cal cu l  ated 
f X? * 
54 
86 
106 
119 
63 
101 
124 
139 
70 
112 
138 
154 
269 
430 
530 
594 
Measured x:? * 
55 
87 
105 
117 
65 
96 
122 
137 
74 
111 
139 
154 
28 1 
510 
583 
--- 
TABLE V. - SUMMARY OF RESPONSE T I E S  FOR TRANSIENT INVESTIGATION 
Heater 
temperature, 
"C  
760 
760 
760 
1200 
1200 
760 
760 
760 
760 
1200 
1200 
760 
760 
760 
1200 
1200 
760 
760 
1200 
1200 
I n l e t  
pressure, 
kPa 
137.8 
68.9 
206.8 
68.9 
137.8 
68.9 
137.8 
206.8 
206.8 
137.8 
68.9 
68.9 
137.8 
137.8 
68.9 
68.9 
137.8 
68.9 
68.9 
137.8 
Preheat 
method 
s1 ow 
s1 ow 
s1 ow 
s1 ow 
s1 ow 
Fast 
Fast 
Fast 
Fast 
Fast 
Fast 
s1 ow 
s1 ow 
s1 ow 
s1 ow 
s1 ow 
Fast 
Fast 
Fast 
Fast 
a h p r o p e r  cur ren t  l e v e l ,  too low. 
bImproper cu r ren t  l e v e l  and length ,  too high. 
CImproper f l ow  ra te ,  t oo  low. 
dImproper preheat per iod,  too 1 ong. 
eImproper preheat per iod,  too  shor t .  
90% 
heater,  
m i  n i  mum 
70 
45 
65 
50 
25 
12 
25 
7 
25 
40 
65 
15 
18 
55 
13 
6 
7 
12 
13 
-- 
7 
minimum min i  um 
100 
65 
60 
75 
60 
45 
20 
40 
20 
45 
60 
90 
40 
45 
80 
16 
10 
30 
60 
35 
42 
35 
30 
40 
25 
13 
12 
12 
7 
10 
15 
40 
20 
13 
30 
15 
8 
8 
9 
10 
98% 
m i  i fgum 
80 
55 
60 
60 
40 
40 
23 
35 
25 
25 
60 
90 
40 
40 
60 
25 
10 
25 
25 
20 
15 
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FIGURE 1. - ADVANCED DEVELOPMENT ENGINEERING MOML RESISTOJET AND THERMOCOUPLE LOCATION. 
MULTI-CHANNEL 
HEATEXCHANGER 
rPLATINUM SHEATHED HEATER 
(PI CENTER CONDUCTOR. MGO 
INSULATOR PI SHEATH) 
DlATlON SHIELDS 
FIGURE 2. - ENGINEERING CiODEL RESISTOJET CROSS SECTION A-A. 
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FIGURE 3. - SCHEMATIC DIAGRAM OF THRUST STAND WITH THRUSTER MOUNTED. 
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FIGURE 4 .  - CORRECTED THRUST AS A FUNCTION OF POWER INPUT 
FOR INLET PRESSURES OF 68.9 TO 310 kPa. 
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FIGURE 5. - SPECIFIC IMPULSE RELATIVE TO GAS TEMPERATURE 
FOR INLET PRESSURES OF 68.9 TO 310 kPa. 
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FIGURE 9. - TYPICAL HEATER TENPERATURE TRANSIENT RESPONSE 
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